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ADIABATIC EXCITATION TRANSFER I N  GASES: EFFECTS 

ON TRANSPORT 

C a r l  Nyeland* and E .  A .  Mason 
1 

I n s t i t u t e  f o r  Molecular  P h y s i c s ,  U n i v e r s i t y  of Maryland 

Co l l ege  P a r k ,  Maryland 

ABSTRACT 

A c a l c u l a t i o n  is made of t h e  c o n t r i b u t i o n  t o  t h e  t r a n s p o r t  

c o e f f i c i e n t s  f rom a d i a b a t i c  e x c i t a t i o n  t r a n s f e r  i n  a tomic  g a s e s .  

Atomic n i t r o g e n  is chosen  as a n  example,  and t h e  n e c e s s a r y  poten-  

t i a l  c u r v e s  are de te rmined  p a r t l y  f rom s p e c t r o s c o p i c  d a t a  and 

p a r t l y  f rom Hei t le r -London c a l c u l a t i o n s .  Exchange g r e a t l y  r e d u c e s  

t h e  ra te  of d i f f u s i o n  of i n t e r n a l  e l e c t r o n i c  e n e r g y ,  and t h e  

2 c o n t r i b u t i o n  of t h e  2D and 

c o n d u c t i v i t y  a t  10,OOO°K is reduced  by a f a c t o r  of t h r e e  (from 

48% t o  16% of t h e  t r a n s l a t i o n a l  t h e r m a l  c o n d u c t i v i t y ) .  Reasons 

are g i v e n  t o  suppose  t h a t  such b e h a v i o r  is f a i r l y  g e n e r a l ,  and 

n o t  r e s t r i c t e d  t o  n i t r o g e n .  

P e x c i t e d  s t a t e s  of N t o  t h e  t h e r m a l  
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I .  INTRODUCTION 

The r o l e  of e l e c t r o n i c a l l y  e x c i t e d  atoms i n  a f f e c t i n g  

t r a n s p o r t  p r o c e s s e s ,  e s p e c i a l l y  a t  h igh  t e m p e r a t u r e s ,  h a s  o f t e n  

been d i s c u s s e d ,  b u t  no q u a n t i t a t i v e  c a l c u l a t i o n s  h a v e  been made. 

H i r s c h f e l d e r  and E l i a s o n ’  made rough c a l c u l a t i o n s  of t h e  increase 

i n  t h e  e l a s t i c  c r o s s  s e c t i o n ,  u s i n g  S l a t e r  o r b i t a l s ,  and s u g g e s t e d  

a l a r g e  e f fec t .  

t h a t  t h e  r e s o n a n t  exchange of e x c i t a t i o n  on c o l l i s i o n  m i g h t  

have  a n  e v e n  l a r g e r  e f f ec t ,  e s p e c i a l l y  on t h e  t h e r m a l  c o n d u c t i v i t y .  

Mason, V a n d e r s l i c e ,  and Yos2 l a t e r  s u g g e s t e d  

The pu rpose  of t h i s  pape r  is t o  i n v e s t i g a t e  t h e s e  e f f e c t s  

i n  more q u a n t i t a t i v e  de ta i l ,  f o r  r e a c t i o n s  of t h e  t y p e  

A*+ A - A + A*. 

We f i r s t  g i v e  a p r e c i s e  semiclassical f o r m u l a t i o n  f o r  t h e  

c a l c u l a t i o n  of t r a n s p o r t  c r o s s  s e c t i o n s  when b o t h  exchange and 

e las t ic  s c a t t e r i n g  are impor t an t .  T h i s  a v o i d s  severa l  of t h e  

a p p r o x i m a t i o n s  of r e f . 2 .  N u m e r i c a l  c a l c u l a t i o n s  f o r  a tomic  n i t r o -  

gen show t h a t  t h e  d i f f u s i o n  of e l e c t r o n i c a l l y  e x c i t e d  atoms is 

ra ther  s low,  and t h a t  t h e  maximum c o n t r i b u t i o n  of t h e  e l e c t r o n i c  

e x c i t a t i o n  t o  t h e  t h e r m a l  c o n d u c t i v i t y  is s m a l l  (<20%). 

Arguments are advanced t o  show t h a t  t h i s  r e s u l t  is p robab ly  v a l i d  

f o r  most sys t ems ,  n o t  j u s t  n i t r o g e n .  

If i n e l a s t i c  c o l l i s i o n s  o c c u r  f r e q u e n t l y  enough t o  keep  t h e  

g a s  i n  l o c a l  e q u i l i b r i u m ,  t h e  t h e r m a l  c o n d u c t i v i t y  X is 3 9 4  

(2) 5 - - - -  
+ P D i n t  ‘ i n t  9 2 7 ‘ t rans  x =  ’ t r ans  + l i n t  
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- 
t h e  t r a n s l a t i o n a l  s p e c i f i c  h e a t ,  t r a n s  where r )  is t h e  v i s c o s i t y ,  c 

p 

e n e r g y ,  and Cint t h e  s p e c i f i c  h e a t  f o r  t h e  i n t e r n a l  d e g r e e s  of 

f reedom. If t h e  i n e l a s t i c  c o l l i s i o n s  are t o o  i n f r e q u e n t  t o  

t h e  m a s s  d e n s i t y ,  Dint t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  i n t e r n a l  

m a i n t a i n  l o c a l  e q u i l i b r i u m ,  t h e  heat c o n d u c t i o n  is lowered.  5 

If t h e  i n e l a s t i c  c o l l i s i o n s  are s o  f r e q u e n t  t h a t  t h e  t r a n s l a t i o n a l  

d i s t r i b u t i o n  f u n c t i o n  is p e r t u r b e d ,  t h e  h e a t  c o n d u c t i o n  is also 

= - k/m, Eq. (2) c a n  be w r i t t e n  as lowered.  S i n c e  ctrans 3 
2 

- 6 

X m  - 1 5  + P D i n t  
q k  - 4 rl k 

' i n t  
9 

where k is Boltzmann's  c o n s t a n t  and Cint is t h e  i n t e r n a l  heat 

c a p a c i t y  p e r  molecule .  From t h i s  i t  f o l l o w s  t h a t  t h e  c o n t r i b u t i o n  

t o  t h e  t h e r m a l  c o n d u c t i v i t y  from t h e  i n t e r n a l  d e g r e e s  of f reedom 

h a s  impor t ance  on ly  where Cint is large. 

c o n t r i b u t i o n  t o  C 

is o f  o r d e r  u n i t y  w i t h o u t  e x c i t a t i o n  exchange.  The maximum con- 

The maximum e l e c t r o n i c  

/k  is u s u a l l y  less t h a n  u n i t y ,  7 and pDint/q i n t  

t r i b u t i o n  of e l e c t r o n i c  e x c i t a t i o n  t o  X is t h u s  neve r  v e r y  l a r g e ,  

and exchange r e d u c e s  i t  by d e c r e a s i n g  Dint 

11. CROSS SECTIONS 

For  symmetr ic  exchange r e a c t i o n s  l i k e  Eq. (1) there e x i s t s  

a s i m p l e  approximate  r e l a t i o n  between t h e  d i f f u s i o n  c r o s s  s e c t i o n  

QD and t h e  exchange c r o s s  s e c t i o n  Q 

t h i s  r e l a t i o n  is g i v e n  i n  Appendix A .  Here w e  g i v e  a s i m p l e  

p h y s i c a l  d e r i v a t i o n  of t h e  e q u a t i o n ,  based  on t h e  semiclassical 

a s sumpt ion  t h a t  t h e  n u c l e i  f o l l o w  t r a j ec to r i e s  which are 

An e x a c t  s t a t e m e n t  abou t  ex  
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i ndependen t  of  a p o s s i b l e  e x c i t a t i o n  exchange t h a t  t a k e s  p l a c e  w i t h  

p r o b a b i l i t y  Pex. 

a p p a r e n t  c lass ica l  d e f l e c t i o n  a n g l e  f rom 8 t o  7-r- 8 , j u s t  as i n  

c h a r g e  t r a n s f e r , 8  s o  t h a t  

The on ly  e f f e c t  of exchange is t o  c o n v e r t  t h e  

QD = QD(wi thout  exchange) + QD(wi th  exchange) 

Pex) ( 1 -  c o s  8 ) b d b  
W 0 r 

+ 27-r / Pex [ l-  c o s ( 7 ~ - 8  I] bdb, 

0 J 

where b is t h e  impact  parameter .  T h i s  e x p r e s s i o n  can  be re- 

(4) 

a r r a n g e d  i n t o  t h e  form 

= 47~ iex bdb + 27-r ( 1  -2Pex) ( 1 -  c o s  8 ) b d b .  

QD l (5) 

Here t h e  first t e r m  is e q u a l  t o  2Qe,, and t h e  las t  t e r m  is 

g e n e r a l l y  n e g l i g i b l e  because P e x d 1 / 2  f o r  s m a l l  impact  p a r a m e t e r s  

(on t h e  ave rage )  and c o s 8  ++ 1 f o r  l a r g e  impact  p a r a m e t e r s .  When 

t h i s  is n o t  t r u e  t h e  f u l l  e x p r e s s i o n s  i n  Appendix A s h o u l d  be 

u s e d ,  b u t  i n  such  cases exchange is u s u a l l y  n o t  i m p o r t a n t  anyway. 

I n  t h e  f o l l o w i n g  w e  w i l l  t h e r e f o r e  u s e  t h e  s i m p l e  r e l a t i o n ,  

Q D d  2Qex, t r a n s f o r m i n g  c a l c u l a t i o n s  of d i f f u s i o n  c r o s s  s e c t i o n s  

i n t o  c a l c u l a t i o n s  of exchange c r o s s  s e c t i o n s .  

I n  t h e  a d i a b a t i c  approximat ion  a c o l l i s i o n  between two 

atoms of t h e  same k i n d  b u t  i n  d i f f e r e n t  e l e c t r o n i c  s ta tes  i n v o l v e s  

c o u p l i n g  between two p o t e n t i a l  c u r v e s ,  one f o r  which t h e  molecu la r  

w a v e  f u n c t i o n  is symmetr ic  (gerade)  and one f o r  which it  is 
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, 

a n t i s y m m e t r i c  (unge rade ) .  I f  bo th  atoms are  i n  S - s t a k e s  there 

is o n l y  one p o s s i b l e  p a i r  of p o t e n t i a l  c u r v e s ,  and t h e  c a l c u l a t i o n  

Of Qex 
known. If b o t h  atoms are no t  i n  S - s t a t e s ,  there are p o s s i b i l i t i e s  

f o r  a number of p a i r s  of p o t e n t i a l  c u r v e s .  lo 

i n  t e r m s  of t h e  e l a s t i c  s c a t t e r i n g  phase  s h i f t s  is w e l l  

I n  t h e  adiabat ic  

approx ima t ion  there is no c o u p l i n g  between d i f f e r e n t  p a i r s  of 

s u c h  p o t e n t i a l  c u r v e s ,  and a s imple  average o v e r  a l l  p a i r s  c a n  

be  u s e d ,  2 

where  pn is t h e  p r o b a b i l i t y  t h a t  a c o l l i s i o n  w i l l  f o l l o w  t h e  n- th  

p a i r  of p o t e n t i a l  c u r v e s .  

s t a t i s t i c a l  w e i g h t s  of t h e  molecu la r  s tates.  

- 
The pn are e a s i l y  c a l c u l a t e d  from t h e  

For t h e  p r e s e n t  purposes  a n  impact -parameter  c a l c u l a t i o n  

of Qex s h o u l d  be s u f f i c i e n t l y  a c c u r a t e ,  f o r  w h i c h  

where v is t h e  r e l a t ive  v e l o c i t y  of  c o l l i s i o n  and rp (n) and rpu (n) 
g 

are  t h e  - n- th  p a i r  of p o t e n t i a l  c u r v e s .  I t  u s u a l l y  happens t h a t  

t h e  d i f f e r e n c e  between t h e  two p o t e n t i a l  c u r v e s  c a n  be s a t i s f a c t o r -  

i l y  f i t t e d  by a n  e x p o n e n t i a l ,  
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11 where An  and an are c o n s t a n t s .  I n  t h i s  case F i r s o v ’ s  approx ima t ion  

c a n  be  used  t o  e v a l u a t e  t h e  i n t e g r a l s  i n  Eqs. (6) and ( 7 ) ,  y i e l d i n g  

r l  

where bc (n) is g iven  by a t r a n s c e n d e n t a l  e q u a t i o n ,  

Bates and Boyd12 have shown t h a t  t h i s  s i m p l e  approx ima t ion  is 

remarkably  a c c u r a t e .  

Thus t h e  c a l c u l a t i o n  of Qex (n)  is s i m p l e  once t h e  p o t e n t i a l  

d i f f e r e n c e  is g i v e n  i n  t h e  form of  t h e  p a r a m e t e r s  A n  and an. The 

ene rgy  dependence of Qex (n) is f a i r l y  weak and c a n  be e x p r e s s e d  as  13 

w h e r e  c1 (n)  and c2 (n)  are c o n s t a n t s ,  

111. THERMAL CONDUCTIVITY AND INTERNAL DIFFUSION 

The e x p r e s s i o n  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  f rom t h e  
14  k i n e t i c  t h e o r y  of g a s e s  c a n  be w r i t t e n  i n  t h e  form 

where 

J O  2 i n  which Y2 = p v  /2kT and p is t h e  r educed  m a s s .  When exchange 

dominates  and QD* 2Qex, Eq. (12) s t i l l  h o l d s  w i t h  t h e  r ep lacemen t  



c 

'0 
T h i s  i n t e g r a l  is e a s i l y  e v a l u a t e d  when Qex (n) h a s  t h e  ene rgy  

dependence of Eq. ( 1 1 ) .  15 

The v i s c o s i t y  of a gas  w i t h  n o t  t o o  many e x c i t e d  atoms 

c a n  be t a k e n  approx ima te ly  e q u a l  t o  t h e  v i s c o s i t y  of t h e  ground- 

s t a t e  g a s ,  which is 14  

where f i ( 2 7 2 )  is t h e  c o l l i s i o n  i n t e g r a l  f o r  v i s c o s i t y .  Combining 

t h e  f o r e g o i n g  e q u a t i o n s ,  w e  o b t a i n  

The c o n t r i b u t i o n  t o  Cint f rom a n  e x c i t e d  e l e c t r o n i c  s t a t e  of  

e n e r g y  AE above t h e  ground s t a t e  is 

- -  ' i n t  - (nE/kTI2 LO exp(-&/kT) 

[ 1+ w k 

where w is t h e  r a t i o  o f  t h e  degeneracy  of t h e  e x c i t e d  s t a t e  t o  

t h a t  of t h e  ground s ta te .  

Abnorma l i t i e s  i n  t h e  t h e r m a l  c o n d u c t i v i t y  s h o u l d  be 

e s p e c i a l l y  pronounced i n  s y s t e m s  t h a t  have  low- ly ing  e x c i t e d  

s ta tes .  As a numer ica l  example w e  se lec t  a tomic  n i t r o g e n ,  s i n c e  

t h e  r e s u l t s  are of some p r a c t i c a l  i n t e r e s t  f o r  t h e i r  own s a k e .  

The f o l l o w i n g  d a t a  are from Herzberg.  lo 

w i t h  a n  e x c i t e d  2D state  2.38 e V  above and a n  e x c i t e d  2P s t a t e  

The ground s t a t e  is 4S7 
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4 2 3 . 6 5  e V  above.  I n  c o l l i s i o n s  between N (  S) and N (  D) t h e  

f o l l o w i n g  (g ,u )  - p a i r s  of p o t e n t i a l  c u r v e s  are p o s s i b l e :  

4 2 c o l l i s i o n s  between N (  S) and N (  P) t h e  f i r s t  f o u r  of  t h e s e  p a i r s  

are p o s s i b l e .  The d e g e n e r a c i e s  are as shown i n  T a b l e s  I and 11. 

I n  t h e  c a l c u l a t i o n  w e  need t h e  c o n s t a n t s  An and an o f  

Eq.(8)  f o r  t h e  d i f f e r e n t  ( g , u ) - p a i r s  of p o t e n t i a l s .  A d i r e c t  

way t o  d e t e r m i n e  t h e s e  c o n s t a n t s  is t o  f i t  p o t e n t i a l  c u r v e s  

de t e rmined  from s p e c t r o s c o p i c  d a t a ,  b u t  u n f o r t u n a t e l y  such  i n -  

f o r m a t i o n  is a v a i l a b l e  f o r  on ly  a f e w  of t h e  needed s ta tes ,  
2 2 16 - namely 311 

Lacking  d i r e c t  i n f o r m a t i o n  on t h e  p o t e n t i a l s ,  w e  t u r n  t o  quantum- 

and 311u f o r  N ( 4 S )  + N (  D) and 3Cu for N ( 4 S )  + N( PI. . 
g 

mechanica l  c a l c u l a t i o n s .  I n  t h e  n e x t  s e c t i o n  a c a l c u l a t i o n  of t h e  

p o t e n t i a l  c u r v e s  of i n t e r e s t  is c a r r i e d  o u t  w i t h  t h e  H e i t l e r -  

London approx ima t ion ,  and it  is shown t h a t  t h e  f o l l o w i n g  s i m p l e  

r e l a t i o n s  among t h e  e n e r g i e s  of  d i f f e r e n t  s ta tes  c a n  be o b t a i n e d  

by t h e  i n t r o d u c t i o n  of a r e a s o n a b l e  assumpt ion:  

4 2 
S i n c e  on ly  I 311g -311 1 f o r  t h e  N (  S) + N (  D) i n t e r a c t i o n  is known 

from s p e c t r o s c o p i c  d a t a ,  w e  make t h e  f o l l o w i n g  rough approx ima t ion  

i n  o r d e r  t o  o b t a i n  numer i ca l  r e s u l t s :  

U 
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T h i s  s u f f i c e s  f o r  t h e  2D s t a t e  c a l c u l a t i o n s .  

i n t e r a c t i o n s  w e  u s e  t h e  p o t e n t i a l  f o r  t h e  3Z 

and s e t  t h e  p o t e n t i a l  for t h e  3,X s t a t e  e q u a l  

t o g e t h e r  w i t h  Eqs. (18) and (19) s u f f i c e s  f o r  

c u l a t  i o n s .  

U 

g 

For t h e  N(4S) + N(2P) 

s t a t e  from r e f . 1 6  

t o  z e r o .  T h i s ,  

t h e  P s t a t e  cal-  2 

The r e s u l t s  of t h e  c a l c u l a t i o n  are g i v e n  i n  Tab les  I 

and I1 f o r  10,OOO°K. T h i s  is t h e  t e m p e r a t u r e  a t  which Cint/k 

f o r  t h e  D s t a t e  is n e a r l y  a maximum. Taking  t h e s e  v a l u e s  of 2 

l? and combining t h e m  w i t h  t h e  v a l u e  of s2 -(2,2) f o r  N atoms,  

w e  f i n d  pDint/q 

2P s t a t e ,  l e a d i n g  t o a n  i n c r e a s e  i n  X by a f a c t o r  of 1 . 1 6 .  

t o  be 0.54 f o r  t h e  2D s t a t e  and 0.30 f o r  t h e  

Had w e  

n e g l e c t e d  exchange and assumed t h e  d i f f u s i o n  c o e f f i c i e n t s  of t h e  

e x c i t e d  atoms t o  be a b o u t  t h e  same as f o r  g r o u n d - s t a t e  a toms,  w e  

would have  o b t a i n e d  

X by a f a c t o r  of 1 .48.  

pDint f q  = 1 .40 ,  l e a d i n g  t o  a n  i n c r e a s e  i n  

IV. HEITLER- LONDON INTERACTION POTENTIALS 

As shown by Yos,18 t h e  wave f u n c t i o n  for a molecu la r  

s ta te  between two atoms of t h e  same k i n d ,  b u t  o r i g i n a l l y  i n  

d i f f e r e n t  s ta tes ,  can  approx ima te ly  be W r i t t e n  i n  t h e  form 

where 

M +M =Ms 
'A 'B 
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w i t h  a s i m i l a r  e x p r e s s i o n  f o r  Y B e  

Clebsch-Gordan c o e f f i c i e n t s ,  w h i c h  c a n  be r e a d i l y  e v a l u a t e d  i n  

s p e c i f i c  cases from Tab le  20-5 of S l a t e r ,  7c/ (M ,M ) and 

qB'(M , M  ) are  Har t ree-Fock  wave f u n c t i o n s  f o r  t h e  i s o l a t e d  atoms 

as descr ibed by t h e  i n d i c a t e d  quantum numbers, and Ib is a n  o p e r a t o r  

Here C(MSA7MSB ;S,MS) are t h e  

19  
A LA 'A 

LB 'B 

t h a t  a n t i s y m m e t r i z e s  t h e  product  of t h e  p a r t i a l l y  an t i symmet r i zed  

a t o m i c  wave f u n c t i o n s  PA and qB' . 
of  S l a t e r  d e t e r m i n a n t s  t h i s  o p e r a t i o n  i n v o l v e s ,  as mentioned by Yos, 

A s  these are g i v e n  as sums . 

s i m p l y  a s u b s t i t u t i o n  of t h e  p roduc t  of S l a t e r  d e t e r m i n a n t s  each of  

o r d e r  N by one S l a t e r  d e t e r m i n a n t  of  o r d e r  2N h a v i n g  t h e  same one- 

e l e c t r o n  wave f u n c t i o n s .  

The d e t e r m i n a t i o n  of t h e  a tomic  wave  f u n c t i o n s  w i t h  p r o p e r  

symmetry is t r e a t e d  f o r  i n s t a n c e  i n  r e f . 1 9 .  The r e s u l t s  c a n  be 

r e a d  from Tab le  Al l -5  of S la t e r2O f o r  t h e  cases of i n t e r e s t  here: 

N(4S), N(2D), and N(2P),  a l l  of t h e  c o n f i g u r a t i o n  p 3 . Hartree- 

Fock s o l u t i o n s  f o r  t h e  radial  wave f u n c t i o n s  are a v a i l a b l e  f o r  these 

states,21 b u t  w e  w i l l  g i v e  h e r e  o n l y  a f o r m a l  t r e a t m e n t .  T h i s  is 

s u f f i c i e n t  t o  o b t a i n  approximate r e l a t i o n s  among t h e  d i f f e r e n t  

m o l e c u l a r  s t a t e s ,  i n  which w e  a r e  e s p e c i a l l y  i n t e r e s t e d .  Fo l lowing  

a method which is e s s e n t i a l l y  t h e  same as t h e  LCAO t r e a t m e n t  o f  

t h e  H2+ problem, w e  o b t a i n  from Eq. (20) : t h e  r e s u l t  

q g  - 'pu 

where I 

and t h e  o v e r l a p  i n t e g r a l  SAB h a s  been  n e g l e c t e d  s i n c e  w e  are  

i n t e r e s t e d  i n  t h e  r e s u l t s  f o r  l a r g e  i n t e r a t o m i c  s e p a r a t i o n s .  
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. 

I t  is now e a s y  t o  show (Appendix B) t h a t  t h e  m a t r i x  

e l e m e n t s  c a n  be w r i t t e n  i n  t h e  form 

where S and A are quantum numbers f o r  t h e  m o l e c u l a r  s ta tes .  The 

summation is ove r  a l l  p e r m u t a t i o n s  between a l l  e l e c t r o n s ,  of which 

o n l y  t h e  c o o r d i n a t e s  f o r  t h e  e l e c t r o n s  from t h e  u n f i l l e d  s h e l l s  

are shown e x p l i c i t l y .  7- is  t h e  p e r t u r b a t i o n  number. The s p i n  

f a c t o r s  a and t h e  exchange i n t e g r a l s  K are g i v e n  i n  T a b l e s  111 

and I V  f o r  molecu la r  s ta tes  between N( S) and N (  D). I n  a f i r s t  

a p p r o x i m a t i o n  t h e  summation i n  Eq.(24) c a n  be r e s t r i c t e d  t o  t h e  

terms i n  which o n l y  one p a i r  of e l e c t r o n s  from t h e  u n f i l l e d  

s h e l l s  have been exchanged between t h e  atoms. l8 If w e  make t h e  

f u r t h e r  r e s t r i c t i o n  t h a t  o n l y  t h o s e  terms are r e t a i n e d  i n  which 

t h e  e l e c t r o n s  which are n o t  exchanged between atoms remain  i n  t h e i r  

o r i g i n a l  o n e - e l e c t r o n  o r b i t a l s , 2 2  w e  are  a b l e  t o  f i n d  s i m p l e  

r e l a t i o n s  among d i f f e r e n t  s ta tes  of t h e  same A .  With these res t r ic -  

t i o n s  w e  g e t  f o r  N( S) + N (  D) on ly  t h e  few t e r m s  l i s t e d  i n  Tab le  V .  

4 2 

4 2 

For t h e  terms l i s t e d  i n  T a b l e  V, a s i m p l e  p r o p o r t i o n a l i t y  

among t h e  a ' s  is found f o r  t h e  C states,  a l l  K1 and a l l  K2 

exchange i n t e g r a l s  are e q u a l  for t h e  ll states ,  and  a l l  K(2) i n t e g r a l s  

are e q u a l  f o r  t h e A  s ta tes .  

between d i f f e r e n t  m o l e c u l a r  s t a t e s  g i v e n  i n  E q s . ( l 8 ) .  

A s  a r e s u l t ,  w e  o b t a i n  t h e  r e l a t i o n s  

I n  t h e  same way it  c a n  be shown t h a t  t h e  first two 

r e l a t i o n s  of E q s . ( l 8 )  a l s o  hold f o r  t h e  m o l e c u l a r  s ta tes  between 

N(4S) and N(2P). 
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V. DISCUSSION 

Although t h e  l a c k  of i n f o r m a t i o n  on t h e  p o t e n t i a l  c u r v e s  

l i m i t s  t h e  a c c u r a c y  of  t h e  d e t a i l e d  c a l c u l a t i o n s ,  w e  b e l i e v e  t h a t  

a few g e n e r a l  c o n c l u s i o n s  are  p o s s i b l e .  F i r s t  of a l l ,  t h e  

maximum p o s s i b l e  c o n t r i b u t i o n  of a n  e l e c t r o n i c a l l y  e x c i t e d  s t a t e  

t o  t h e  t h e r m a l  c o n d u c t i v i t y  is never v e r y  

is n o t  n e c e s s a r i l y  s m a l l .  It is p robab ly  

of t h e  t r a n s l a t i o n a l  ene rgy  c o n t r i b u t i o n .  

l a r g e ,  a l t h o u g h  it 

a lways  less t h a n  h a l f  

H i r ~ c h f e l d e r ~ ~  r e a c h e d  

t h i s  c o n c l u s i o n  some t i m e  ago ;  ou r  c a l c u l a t i o n s  mere ly  s u p p l y  

a d d i t i o n a l  q u a n t i t a t i v e  ev idence .  Secondly ,  t h e  i n f l u e n c e  of  

r e s o n a n t  e x c i t a t i o n  exchange c o l l i s i o n s  on t h e  t h e r m a l  c o n d u c t i v i t y  

is q u i t e  i m p o r t a n t .  Our c a l c u l a t i o n s  i n d i c a t e  a r e d u c t i o n  i n  X i n t  

by a b o u t  a factor  of three f o r  N atoms a t  10,OOO°K because  of  

exchange.  I n  s h o r t ,  for many cases of i n t e r e s t  t h e  c o n t r i b u t i o n  

Of ' i n t  is p robab ly  s m a l l  bu t  n o t  n e g l i g i b l e .  
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APPENDIX A .  TRANSPORT CROSS SECTIONS W I T H  EXCHANGE 

The d i f f e r e n t i a l  c r o s s  s e c t i o n  I ( @ )  f o r  c o l l i s i o n s  of 

t h e  t y p e  A*+ A - c A  + A* i n v o l v i n g  on ly  one p a i r  of p o t e n t i a l  c u r v e s  

h a s  been shown by Massey and Smith24 t o  be 

where  g and u r e f e r  t o  t h e  gerade  and ungerade  p o t e n t i a l s ,  

r e s p e c t i v e l y .  When more t h a n  one p a i r  o f  p o t e n t i a l s  is i n v o l v e d ,  
2 a s i m p l e  s t a t i s t i c a l  average of I ( @ )  o v e r  a l l  p a i r s  can  be used .  

The + s i g n  i n  Eq.(Al)  is u s e d  f o r  atoms w i t h  t o t a l  s p i n  even ,  and 

t h e  - s i g n  f o r  atoms w i t h  t o t a l  s p i n  odd. A s  u s u a l  t h e  s c a t t e r i n g  

a m p l i t u d e s  f ( Q )  are g i v e n  i n  terms of t h e  phase  s h i f t s  q j  by 

- - 

If w e  d e f i n e  d i f f u s i o n  c r o s s  s e c t i o n s  f o r  h y p o t h e t i c a l  atoms of 

z e r o  n u c l e a r  s p i n  as 

(A3) 

- 

+ 
@)I’(e)  s i n  Bd0 , 

t h e n  t h e  d i f f u s i o n  c ros s  s e c t i o n s  f o r  atoms of n u c l e a r  s p i n  s 

are 

depend ing  on whether  t h e  atoms f o l l o w  Bose -E ins t e in  or Fermi-Dirac 

s t a t i s t i c s .  Combining E q s  (Al) - ( A 3 ) ,  w e  o b t a i n  
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24 S i m i l a r  r e s u l t s  h o l d  f o r  t h e  exchange c r o s s  s e c t i o n ,  

Qex ex  

f r o m  which f o l l o w s  

(47) 

I t  is c o n v e n i e n t  t o  pas s  t o  t h e  semiclassical l i m i t  a t  t h i s  

p o i n t ,  i n  which i t  is assumed t h a t  many phase  s h i f t s  c o n t r i b u t e  

t o  QD and Qex. 

i n t e g r a l s ,  and t h e  d i f f e r e n c e s  between phase  s h i f t s  are  r e p l a c e d  

I n  p a r t i c u l a r ,  t h e  sums ove r  a are r e p l a c e d  by 

by d e r i v a t i v e s ,  

I t  is f u r t h e r  assumed t h a t  t h e  phase  s h i f t s  are g iven  s u f f i -  

c i e n t l y  a c c u r a t e l y  by t h e  JWKB approx ima t ion .  T h i s  re la tes  t h e  

phase  s h i f t s  and t h e  c lass ica l  d e f l e c t i o n  a n g l e s ,  

8 = 2dqa/da. 

Tak ing  t h e  impact pa rame te r  as bk = ( a +  31, and c a r r y i n g  o u t  

some s t r a i g h t f o r w a r d  m a n i p u l a t i o n s ,  w e  o b t a i n  

Qex = %b" e x  bdb , 



. 
where 

2 
peX = s i n  $1 7 

i n  which r and ru are t h e  d i s t a n c e s  of c l o s e s t  approach  
g 

f o r  t h e  cp and cp, p o t e n t i a l s ,  I f  w e  t a k e  r =ru = b  and c a r r y  

o u t  a b inomia l  expans ion  o f  t h e  i n t e g r a n d s  i n  Eq.(A13), w e  
g g 

o b t a i n  Eq.(7) as t h e  l e a d i n g  t e r m .  We a l s o  o b t a i n  f o r  Q,, 

a f t e r  c a r r y i n g  o u t  some t r i g o n o m e t r i c  t r a n s f o r m a t i o n s ,  

where 

QD ( i n t e r f  er) 1 
= Q, ( c l a s s )  f - 

Q~ ( :: I 2 s + l  

03 

and  8 and ou are t h e  c l a s s i c a l  d e f l e c t i o n  a n g l e s  for t h e  cp 
g g 

and cp, p o t e n t i a l s .  If w e  t a k e  8 OU w e  o b t a i n  Eq. ( 5 ) .  g 
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. 
16 

, 

, 

The s p i n  f a c t o r s  a and exchange i n t e g r a l s  K t h e n  f o l l o w  

f r o m  a p p l i c a t i o n  of Eq. (23) 
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Table I .  E x c i t a t i o n  transfer and thermal conduct iv i ty  
i n  N(2D) + N(4S) a t  10,OOO°K. 

‘ i i  

, 

/k = 0 .900 .  

S t a t e s  S t a t .  
Weight 

3/40 

5/40 

6/40 

10/40 

6/40 

10/40 

AE = 2 . 3 8  eV, a =  10/4, 

2320 

6960 

2320 

12.00 

2320 

3480 

a n 

(s- 
4 . 5 6  

4 . 5 6  

4 . 5 6  

4 . 5 6  

4 . 5 6  

4 . 5 6  

7rd”’) = 2 5 . 5  x2; Xm/r)k = 3 . 7 5  + 0 . 4 9  

1 2 . 4  

1 5 . 0  

1 2 . 4  

11.8 

1 2 . 4  

1 3 . 1  
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Tab le  11. E x c i t a t i o n  t r a n s f e r  and the rma l  c o n d u c t i v i t y  
i n  N(2P) + N(4S) a t  10,OOO°K. AE = 3 .65  eV, LO= 6/4,  

/ k  = 0.372. ‘int 

S t a t e s  

S t a t .  
Weight 

3/24 

5/24 

6/24 

10/24 

250 

7 50 

250 

183 

2.88 

2.88 

2.88 

2.88 

2 7Tg(1’1) = 46.4 8 ; Xm/r,k = 3.75 + 0 .11  

22.8 

27.6 

22.8 

21.4 
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21 Table V.  Terms d i f f e r e n t  from ze ro  i n  t h e  

single-exchange approximation 

I- a ( ~ = 1 )  a (S=2) r1 I-2 I-3 r4 I-5 '6 

C states:  1 ' 5 6 4 2 3  2 - 1/18 1/6 
4 2 6 1 5 3  2 - 4/18 4/6 
4 5 3 1 2 6  2 - 1/18 1/6 

* 

II states:  K3 and K y i e l d  no terms i n  t h i s  approximation. 4 
I 

4 5 3 1 2 6  2 1/8 0 K1 
4 5 3 1 6 2  3 - 6 / 8  0 

4 6 3 1 2 5  3 -7/3/8 0 

4 6 3 1 5 2  2 1/8 1/2 

4 2 6 1 5 3  2 1/8 1/2 K2 
4 2 6 5 1 3  3 -fi/8 0 

5 2 6 1 4 3  3 - 6 / 8  0 

5 2 6 4 1 3  2 1/8 0 

A states: 4 6 3 1 5 2  2 T/12 1 

4 6 3 5 1 2  3 0 0 
5 6 3 1 4 2  3 0 0 

5 6 3 4 1 2  2 1;12 0 
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